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WIRELESS RECEPTION APPARATUS, 
WIRELESS TRANSMISSION APPARATUS, 
WIRELESS COMMUNICATION SYSTEM, 

WIRELESS RECEPTION METHOD, 
WIRELESS TRANSMISSION METHOD, AND 
WIRELESS COMMUNICATION METHOD 

TECHNICAL FIELD 

The present invention relates to a Wireless reception appa 
ratus, a Wireless transmission apparatus, a Wireless commu 
nication system, a Wireless reception method, a Wireless 
transmission method, and a Wireless communication method. 

BACKGROUND ART 

Of late, there has been a dramatic growth in the capacity of 
Wireless communication netWorksiCellular netWorks have 
groWn from analog “voice-only” systems to current 3rd Gen 
eration netWorks that provide a maximum download capacity 
of 2 Mbpsicatering to voice, data and multimedia services; 
Wireless LANs have evolved from initial data rates of 2 Mbps 
speci?ed by the IEEE 802.1 1-99 speci?cation [refer to “Local 
and Metropolitan Area NetWorksiSpeci?c Requirementsi 
Part 11: Wireless LAN Medium Access Control (MAC) and 
Physical Layer (PHY) speci?cations”, IEEE Std802.11 
1999, IEEE, August 1999] to the present IEEE 802.11a speci 
?cation [refer to “Local and Metropolitan Area NetWorksi 
Speci?c RequirementsiPart 11: Wireless LAN Medium 
Access Control (MAC) and Physical Layer (PHY) speci?ca 
tions: Higher-Speed Physical Layer Extension in the 5 GHZ 
Ban ”, IEEE Std 802.11a-1999, IEEE, September 1999] that 
provide link rates of up to 54 Mbps. 

To satiate the need for greater data rates, standardization 
for a are currently developing the next generation Wireless 
standards. 

At the core of enhancing the capacity of several next gen 
eration Wireless systems is MIMOimultiple-input-mul 
tiple-outputia technology that When applied to Wireless 
communications employs the use of NTtransmit antennas and 
NR receive antennas to better effect communication. The use 
of multiple antennas offers the ?exibility of choosing from 
spatial-multiplexing gainiWhere a dramatic increase in 
spectral e?iciency, up to min(N1, NR) times that of a conven 
tional single antenna (SISO) system [refer to “On limits of 
Wireless communications in fading environments When using 
multiple antennas,” Wireless Personal Communications, pp. 
36-54, March 1998] can be realiZed; or, diversity gaini 
Where up to NTNR paths that exist betWeen transmitter and 
receiver may be used to exploit the diversity in the channel, 
leading to higher link-reliability in the Wireless channel. In 
general, there are tradeoffs betWeen increased data-rate (spa 
tial-multiplexing) and increased reliability (diversity). 

<Feedback> 
In realistic scenarios, Wireless communication systems 

suffer from a range of impairments. These range from non 
ideal device behavior in the transceiver itself, to variability/ 
selectivity of the channeliin the time, frequency and spatial 
domains. Feedback in a communications system can enable 
the transmitter to exploit channel conditions and avoid inter 
ference. In the case of a MIMO channel, feedback can be used 
to specify a pre-coding matrix at the transmitter that facili 
tates the exploitation of the strongest channel modes, or, the 
inherent diversity of the channel [refer to “What is the Value 
of Limited Feedback for MIMO Channels?”, IEEE Commu 
nications MagaZine pp. 54-59, October 2004]. 
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2 
An example of a closed loop MIMO system is one imple 

menting eigen-mode spatial-multiplexingiWhere the trans 
mitter and receiver, having channel state information (CSI), 
use a transform such as the singular value decomposition 
(SVD), to convert the MIMO channel into a bank of scalar 
channels, With no cross-talk betWeen channels [refer to 
“Promises of Wireless MIMO Systems,” http://WWW.signal 
.uu.se/courses/semvieWgraphs/mWi011 107.ppt]. Eigen 
mode spatial-multiplexing is an optimal space-time process 
ing scheme in the sense that it achieves full diversity and full 
multiplexing gains of the channel [refer to “Transmitter Strat 
egies for Closed-Loop MIMO-OFDM,” PhD thesis submit 
ted to School of Electronic and Computer Engineering, Geor 
gia Institute of Technology, July 2004]. The detection 
complexity of the eigen-mode spatial-multiplexing scheme 
increases only linearly With the number of antennas (in con 
trast to the optimum maximum likelihood sequence estimator 
(MLSE), Which is open-loop but has an exponential complex 
ity, rendering it intractable for implementation in practical 
systems). 

In order to realiZe the bene?ts of eigen-mode spatial-mul 
tiplexing a.k.a. eigen-beamforming, CSI is required at the 
transmitter. An intuitive Way of achieving this is to merely 
feedback the estimated channel state to the transmitter. HoW 
ever, feedback detracts from the payload carrying capacity of 
the system and is hence an expense, Which must be mini 
miZed. 

In the above-mentioned PhD thesis, the application of 
eigen-beamforming to a time division duplex (TDD) system 
is described. Although the ‘over the air channel’ is reciprocal, 
the cascading of different transmit and receive RF chains on 
both ends of the link render the base-band channel non 
reciprocal. Once appropriate calibration (not described in the 
thesis) is performed, the transmit and receive-?lter matrices 
required to facilitate eigen-beamforming are described by 
simple reciprocal arrangements at both ends of the link. 

In US Patent Application Publication 2004/0082356A1, 
the authors describe a calibration scheme and the use of 
eigen-beamforming in the context of a WLAN netWork. In the 
described system, calibration is performed through the 
explicit feedback of channel estimates derived by the terminal 
from a training sequence transmitted by the base-station. The 
base-station obtains a similar estimate of the reverse channel 
from a training sequence transmitted by the terminal and 
computes a set of calibration coef?cients that are explicitly 
fed back to the terminal and used by both the base-station and 
the terminal to render the base-band channel reciprocal. Once 
calibrated, channel decomposition (based on channel esti 
mates derived from the training sequence transmitted by the 
base-station) is performed by the terminal to derive a set of 
transmit and receive ?lters required for eigen-beamforming 
by the terminal. Feedback of these ?lters to the base-station is 
performed implicitly, by means of a specially modulated 
training sequence, knoWn in “System Description and Oper 
ating Principles for High Throughput Enhancements to 
802.11,” doc: IEEE 802.11-04/870r0, as a steered sequence, 
from Which the base-station can directly derive its receive 
?lter and correspondingly (from the reciprocality principle), 
its transmit-?lter. 
As TDD renders smaller capacities oWing to the need for 

large guard-bands to counter the channel delay-spread, par 
ticularly in macro-cellular environments, cellular systems are 
prevalently frequency division duplex (FDD) [refer to “Com 
prehending the technology behind the UMTS Wideband 
CDMA physical layer,” RF Signal Processing pp. 50-58, 
November 2002]. Although the uplink and doWnlink chan 
nels in FDD cellular systems are correlated to the extent that 
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they typically share similar delay-spreads and poWer-delay 
pro?les, for all other practical intents and purposes, they are 
considered uncorrelated. Hence, in order to perform eigen 
beamforming, FDD systems cannot make use of feedback 
schemes that exploit channel reciprocality. Explicit feedback 
of the channel coef?cients or related information must be 
used instead. 

In US Patent Application Publication 2004/0234004Al, 
the authors describe a transceiver scheme Whereby channel 
decomposition is performed in the frequency-domain, but 
transmit and receive ?ltering associated With eigen-mode 
spatial-multiplexing is performed in the time domain. The 
described receiver estimates the channel coef?cients and per 
forms a singular-value decomposition in order to derive a set 
of receive steering vectors. The channel coef?cients are fed 
back to the transmitter, Which performs a second singular 
value decomposition in order to derive the appropriate set of 
transmit steering vectors. In general, the described system 
explicitly calls for the feedback of the channel coef?cients 
from the receiver to the transmitter. 

In US Patent Application Publication 2003/0235255Al, 
the authors describe methods by Which Water-?lling may be 
used to enhance the capacity of an eigen-mode spatially mul 
tiplexed system. In order to realiZe the channel eigen-modes 
and corresponding transmit and receive ?lters, the speci?ca 
tion describes a process similar to the above-mentioned US 
Patent Application Publication 2004/0234004Al, Whereby 
the channel coef?cients are explicitly fed back from transmit 
ter to receiver. 

In US Patent Application Publication 2004/0203473Al, 
the author describes methods by Which a receiver may com 
pute a bounded set of eigen-vectors, facilitating quantization 
over limited ranges of number-space for a system With tWo 
transmit antennae. While the proposed method achieves a 
reduction in feedback information by selecting a solution of 
eigen-vectors that results in relationships betWeen elements 
of individual eigen-vectors, the method is limited to a system 
With tWo transmit antennae. 

<Singular Value Decomposition> 
The objective of eigen-mode spatial-multiplexing is to 

diagonaliZe the channel, rendering a vector channel into a 
group of individual scalar channels, there being no cross-talk 
betWeen spatial channels (eigen-modes). The optimum trans 
mit and receive steering matrices can be found using a singu 
lar value decomposition, as described in the folloWing. 
Assuming an NRXXNTX matrix [H]: [H] can be represented 

as a product of matrices of the form speci?ed in equation (1) 
[refer to “Singular Value Decomposition,” http://mathWorld 
.Wolfram.com/SingularValueDecomposit ion.html], 

[H] :lU] ‘[19] '[VJH (1) 

Where, [U] and [V] are unitary matrices of the left and 
right-handed singular-vectors and having dimension NRXX 
NRX and NTXXNTX, respectively; and [D] is an NRXXNTX 
matrix containing the singular-values of [H] along its diago 
nal. It may be Worthwhile to note that there are min(NTX,NRX) 
positive non-Zero singular-values of [H], the remainder of the 
elements of [D] being Zero. Each positive singular-value cor 
responds to the gain on the corresponding spatial-mode (or 
eigen-beam) of the channel. 

In the context of equation (1) and the remainder of this 
speci?cation, the notation [A]H for a matrix [A] denotes the 
Hermitian of the matrix [A]. 

The singular-values and singular-vectors of a matrix are 
closely related to its eigen-values. In the context of the matrix 
[H] in equation (1), [U] and [D] correspond to the matrices of 
eigen-vectors and positive square roots of the eigen-values, 
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4 
respectively, of the left-handed matrix product [H]~[H]H; 
While [V] and [D] correspond to the matrices of eigen-vectors 
and positive square roots of the eigen-values of the right 
handed matrix product [H]H~[H]. 

Based on the de?nitions above, it is further WorthWhile to 
note that in the context of a non-square matrix [H], the sin 
gular-vector matrices [U] and [V] contain some trivial singu 
lar-vectors, corresponding to singular-values of Zero. As 
such, there exists an ‘economy-size’ singular value decom 
position in Which [D] is alWays a square diagonal matrix of 
dimension corresponding to min(NTX,NRX) and [U] and [V] 
are matrices of the non-trivial singular-vectors of the system. 
<Eigen-Mode Spatial-Multiplexing> 
In a system based on eigen-mode spatial-multiplexing, the 

receiver estimates the channel from the transmitter to the 
receiveri[H], and performs a singular value decomposition 
to determine the matrix of left-handed singular-vectorsi[U]. 
The receiver also feeds back the channel state information 
(e.g.: [H], as per US Patent Application Publication 2004/ 
0234004Al and US Patent Application Publication 2003/ 
0235255Al , both of Which are mentioned above) to the trans 
mitter, Which in turn performs a second singular value 
decomposition to determine the matrix of right-handed sin 
gular-vectorsi[V] . 

Assuming that the transmitter performs spatial-multiplex 
ing, transmitting data [x], the received signal, [y], can be 
represented by equation (2) 

Where, [n] represents noise, Which in the context of Wire 
less systems, is typically modeled as an additive White Gaus 
sian variable With ?nite poWer. 
An open-loop receiver, for example the Zero-forcing (ZF) 

detector, Would determine an estimate of the transmitted data 
as: 

The problem With such an approach is the noise-enhance 
ment effect, Which results in a signal-to-noise-ratio (SNR) 
degradation at the receiver [refer to “Digital Communications 
3ed”, McGraW-Hill, March 1995]. 

In order to effect eigen-mode spatial-multiplexing, the 
transmitter pre-?lters the data [x], With a transmit steering 
matrixi[V], and the receiver applies a matched-?lteri[U]H 
to the received signal, [y]. Equation (4) represents the 
received signal, While equation (5) depicts the matched ?lter 
ing applied by the receiver to estimate the transmitted data. 

[fF/WH'M (5) 

Expanding [H] as per equation (1 ), We obtain equation (6): 

It can be seen from equation (6) that the eigen-beamform 
ing method results in perfect decoupling (i.e. no cross-talk) 
betWeen streams and an SNR gain proportional to the square 
of the singular-values of the channel. The SVD method can be 
applied to any siZe and any rank of channel matrix since the 
SVD exists for any matrix [refer to “Singular Value Decom 
position,” http://mathWorld.Wolfram.com/SingularValueDe 
composit ion.html, Which is mentioned above]. Finally and 
most importantly, eigen-mode spatial-multiplexing is opti 
mal in the information theoretical sense since unitary ?lters 
preserve information. 
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DISCLOSURE OF INVENTION 

It is an object of the present invention to provide a Wireless 
reception apparatus, a Wireless transmission apparatus, a 
Wireless communication system, a Wireless reception 
method, a Wireless transmission method, and a Wireless com 
munication method capable of achieving closed loop MIMO 
communications, using reduced feedback, Without a loss in 
system performance. 

According to an aspect of the present invention, a Wireless 
reception apparatus comprises a derivation section that 
derives a phase-rotated right-handed singular vector matrix 
from an estimation result of a MIMO channel; and a feedback 
section that feeds back, to a Wireless transmission apparatus, 
a coe?icient associated With an element of the phase-rotated 
right-handed singular vector matrix derived by said deriva 
tion section. 

According to another aspect of the present invention, a 
Wireless transmission apparatus comprises an acquisition 
section that acquires a coe?icient Which is fed back from a 
Wireless reception apparatus; a generation section that gen 
erates a transmission ?lter by substituting the coe?icient 
acquired by said acquisition section in a predetermined rela 
tion; and an application section that applies the transmission 
?lter generated by said generation section to data to be trans 
mitted to said Wireless reception apparatus via a MIMO chan 
nel. 

According to a further aspect of the present invention, a 
Wireless communication system comprises the above-men 
tioned Wireless reception apparatus and the above-mentioned 
Wireless transmission apparatus. 

According to a yet further aspect of the present invention, 
a Wireless reception method comprises a derivation step of 
deriving a phase-rotated right-handed singular vector matrix 
from an estimation result of a MIMO channel; and a feedback 
step of feeding back a coef?cient associated With an element 
of the phase-rotated right-handed singular vector matrix 
derived in said derivation step. 

According to a yet further aspect of the present invention, 
a Wireless transmission method comprises an acquisition step 
of acquiring a fed-back coe?icient; a generation step of gen 
erating a transmission ?lter by substituting the fed-back coef 
?cient acquired in said acquisition step in a predetermined 
relation; and an application step of applying the transmission 
?lter generated in said generation step to data to be transmit 
ted via a MIMO channel. 

According to a yet further aspect of the present invention, 
a Wireless communication method comprises the above-men 
tioned Wireless reception method and the above-mentioned 
Wireless transmission method. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a draWing shoWing a Wireless communication 
system according to one embodiment of the present inven 
tion; 

FIG. 2 is a chart shoWing an example of transmission/ 
reception operation betWeen a transmitter and a receiver 
according to one embodiment of the present invention; 

FIG. 3 is a How chart shoWing a feedback information 
determination method according to one embodiment of the 
present invention; 

FIG. 4 is a chart shoWing a modi?ed example of transmis 
sion/reception operation betWeen a transmitter and a receiver 
according to one embodiment of the present invention; and 
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6 
FIG. 5 is a block diagram shoWing a con?guration of a 

multi-antenna terminal apparatus according to one embodi 
ment of the present invention. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

Embodiments of the present invention Will be described in 
detail beloW With reference to the accompanying draWings. 

FIG. 1 is exemplary of a typical Wireless netWork and is 
used as reference in describing the teachings of the present 
invention. It is not hoWever to be construed that the applica 
bility of the invention is limited to a system With an architec 
ture described by FIG. 1. Reference numeral 100 depicts a 
representative MIMO Wireless communication netWork com 
prising of a central-station 110 and a plurality of terminal 
stationsi120, 130, and 140. The central-station 110 and 
terminals 120, 130, and 140 are assumed to be equipped With 
a singularity or plurality of antennae, With cost, siZe and 
functional-requirements dictatingithe typical central-sta 
tion having a larger number of antennae compared With ter 
minal-stations. 

FIG. 1 may just as easily represent an adhoc netWork, 
assuming that the central-station 110 is a peer to other stations 
(120, 130 or 140). On the other hand, FIG. 1 may represent 
one cell 100 of a cellular netWork; if it Were assumed that the 
central station 110 represents the base-station (BS), the ter 
minals 120, 130 and 140 represent the user-equipment (U E). 
Correspondingly, FIG. 1 may represent a BSS of a Wireless 
LAN. In its simplest form, the present invention may be 
applied to a point-to-point communications link. 

Typical device form-factors of handheld/portable devices, 
such as cellular phones and PDAs alloW antenna con?gura 
tions of 1 or 2 antennae (operating in the 2~5 GHZ frequency 
band), While a portable computer may practically accommo 
date even 4 antennae. This is re?ected in “Multiple-Input 
Multiple Output in UTRA”, 3GPP TR 25.876 v1.7.0, Which 
describes MIMO system requirements for application to 
UTRA cellular netWorks. 

Analysis of Wireless netWork usage models, an example of 
Which is provided in “IEEE P802.1 1 Wireless LANsiUsage 
Models”, doc: IEEE 802.11-03/802r23, May 2004, indicate a 
greater demand for doWnlink tra?ic, as opposed to uplink. 
Hence, system designers often try to optimiZe the doWnlink 
performanceisuch as in the case of the HSDPA enhance 
ment in 3GPP [refer to “UTRA High Speed DoWnlink Packet 
Access (HSDPA)iOverall Description,” 3GPP TS 25.308]. 
As Was pointed out previously, FDD systemsitypical of 

cellular netWorks, are unable to make use of channel recip 
rocality, as their TDD counter-parts. Hence, in order to effect 
eigen-mode spatial-multiplexing, explicit feedback of the 
channel state is required. This is consistent With the teachings 
of the above-mentioned US Patent Application Publications. 
As such, it is anticipated that in the context of cellular net 
Works, closed loop techniques that require a substantial 
amount of feedback information, Would primarily be applied 
to enhance doWnlink capacity. The ensuing embodiments 
describe the application of the present invention to such a 
system. HoWever, it is to be understood that this application is 
not limiting to the scope of the invention. 

Despite this design assumptioniWhich effectively 
reduces the feedback signaling to only the uplink, the amount 
of feedback information is still very substantialimore so in 
channels With short coherence-times and/ or small coherence 
bandWidths, Where stationarity of the channel can be assumed 
over shorter spans of time and/or frequency, respectively. 
Assuming a narroW-band complex channel (i.e. a system 
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limited to the coherence bandwidth of the channel) (Note that 
this assumption holds true for a single subcarrier of an OFDM 
system [refer to “Wireless CommunicationsiPrinciples and 
Practice 2ed,” Prentice Hall, 2002]); the amount of feedback 
information, in bits, to convey the channel state per-coher 
ence time may be expressed by equation (7). 

Where, m represents the number of bits quantization per 
feedback coef?cient. 

For the practical 2><2 MIMO channel, Which We shall use as 
exemplary of a MIMO system, unless otherWise stated in the 
remainder of this embodiment, equation (8) depicts the 
amount of required feedback information per coherence 
time, in bits. 

FeedbackiInfo2RXX2Tf8xm bils (8) 

As described above, the receiver performs a ?rst singular 
value decomposition to determine the receive steering matrix 
[U]. It then feeds back the channel state information [H] to the 
transmitter, Which performs a second singular value decom 
position to compute transmit steering matrix [V]. In the 
above-mentioned US Patent Application Publication 2004/ 
0203473Al, the receiver feeds back channel state informa 
tion in the form of a transmit steering matrix [V], limited to a 
system With tWo transmit antennae. The current-art distin 
guishes itself from prior-art in that it advocates the feedback 
of a modi?ed transmit steering matrix [V], for any system 
With NTX (Where NTx>l) transmit antennae, by the UE; 
instead of [H], for reasons that Will become apparent in the 
ensuing embodiments. 

Based on the prior-art described by equations (2) and (4)~ 
(6), the feedback of [V] represents su?icient channel-state 
information in order to perform channel diagonaliZation and 
correspondingly, eigen-mode spatial-multiplexing. Also, in 
the general sense, for the 2x2 channel under consideration, 
[V] has the same dimensions as [H], therefore having the 
same feedback requirements, as per equation (8). 

The methods of the present invention recogniZe that 
although the solution for the singular-values of a matrix are 
unique, the matrices of singular-vectorsi[U] and [V], 
obtained by a singular value decomposition of the channel 
[H], are not. The receiver upon estimating the channel matrix 
[H] computes the singular value decomposition of [H], and 
obtains a set of left-handed singular-vectors, [U], and right 
handed singular-vectors, [V]. For the 2x2 complex channel 
matrix [H], the [V] and [U] are also 2><2 complex and may be 
represented as per (9) and (10), respectively: 

memi melm (9) 

Mneiwn ulzeiwiz (10) 
[U l = . . 

The methods of the present invention advocate the modi 
?cation of the transmit-?lter matrix in (9) by a unitary phase 
rotation ?lter [T] of the form represented in (l 1), such that the 
modi?ed transmit-?lter matrix is then de?ned by equation 
(12). 
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(11) 
T: 
[1 0 e102 

ejal 0 ] 

LTXMJ = [V] - [T] (12) 

Corresponding to the introduction of the phase-rotation 
?lter to the transmit-?lter matrix, the corresponding receive 
?lter matrix is de?ned by equation (13) 

The method of the present invention advocates setting the 
coef?cients of the phase-rotation ?lter as per equations (14) 
and (15), such that the transmit-?lter matrix of (12) can be 
Written in the form of equation (1 6). 

CHI-(p11 (14) 

(HI-(p12 (15) 

V11 V12 (16) 
[Tx?lr] : 

Representing, the coe?icient [Tx?Zt]2,l in the Cartesian 
coordinate system (Which is the most common form of rep 
resenting complex numbers in digital electronic systems), the 
feedback information is determined to be: 

FeedbackiInfoiSet:{a21 ,b21} (l 7) 

According to the method of the present invention, instead 
of feeding back the right-handed singular-vector matrix [V], 
the receiver feeds back the information identi?ed in equation 
(17) to the transmitter. Based on the unitary property of the 
[V] matrix, as depicted in equation (18), a set of relations can 
be derived (in advance) that recover a suitable transmit-?lter 
matrix at the transmitter, from the feedback coef?cients. 

In the case of the 2x2 example in this embodiment, the 
transmit steering matrix used by the BS is given by equation 
(19), Where the individual elements can be represented in 
terms of the feedback coef?cient in (17), by equations (20)~ 
(23). 

It Would be apparent to one skilled in the art that the 
objective of the phase-rotation ?lter is to rotate the transmit 
?lter matrix to eliminate (or bring to some pre-determined 
form, that is knoWn to both transmitter and receiver) the phase 
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component of one element of every right-handed singular 
vector (denoted by columns of the transmit-?lter matrix). The 
choice of (x1 and (X2111 equations (14) and (1 5) of this example 
result in the ?rst element of each singular-vector to lie along 
the positive real-axis of the Cartesian coordinate system in the 
complex number plane. In general, (x1 and (x2 may be chosen 
to constrain the ?rst element of each singular-vectors to lie on 
(and in the direction of) a pre-determined vector in the com 
plex number plane, there being one such pre-determined vec 
tor corresponding to each singular-vector. Even more gener 
ally, the above rule is not restricted to the ?rst element of each 
singular-vectoriie. it can just as Well be applied to the 
second element (the second roW of [V] in equation (9), in this 
example). 
From the above description, it Would be apparent that 

depending on the element of the singular-vector Which is 
brought to pre-determined phase by the phase-rotation ?lter, 
[T]; and the choice of the element(s) to be fed-back, a set of 
relations that may be different from those in (20)~(23) can be 
derived using the unitary property depicted in equation (18). 
As these relations depend on an adopted convention, it is to be 
understood that the scope of the current invention is not 
limited by the convention adopted herein. 

It Would further be apparent to one skilled in the art that 
there are in?nite solutions for the singular-vectors of a com 
plex channel matrix. The phase-rotation ?lter helps select a 
solution having a particular form (corresponding to the pre 
determined convention) from an input of any generic solu 
tion. It is to be understood that for ease of implementation, the 
effects of an explicit phase rotation ?lter may be integrated 
With the computation of the singular-vectors itself (eg; by 
selecting the solutions for [U] and [V] that take the desired 
predetermined form), Without limiting the scope of the inven 
tion. 

In this embodiment, We have illustrated the application of 
a reduced feedback (Without loss of performance) eigen 
beamforming scheme in the context of a 2x2 MIMO system. 
In accordance With the methods of the present invention, for 
a 2x2 MIMO system, feedback of one complex-coef?cient is 
determined to be the minimum amount of information that 
can be used to determine the other coef?cients of an appro 
priate transmit-?lter matrix at the transmitter. Based on the 
current example, the feedback Was limited to the information 
highlighted in equation (17). It can be concluded that after 
applying a suitable phase-rotation ?lter, to the generic singu 
lar-vector matrices obtained by the singular value decompo 
sition of the channel estimate, the minimum amount of feed 
back information required to effect eigen-beamforming can 
be expressed by equation (24), Which is one-quarter of the 
amount of feedback required as described by the present art as 
per equation (8)ia seventy-?ve percent reduction. 

FIG. 2 depicts a message sequence chart illustrating the set 
up and subsequent communication betWeen tWo entitiesiBS 
210 and UE 250, using the methods of the present invention. 
As is typical of most Wireless netWorks, the BS periodically 
transmits a pilot sequence for a variety of reasons, ranging 
from advertising its presence to serving as a coherent refer 
ence for channel estimation, among others. For the purposes 
of the present invention, the pilot sequence 220 is used by the 
UE to estimate the doWnlink channel (ie the channel from 
the BS to UE). 
As mentioned previously, typical Wireless channels are 

selective in time, frequency and space. To counter the effects 
of time variation of the channel, the UE needs to periodically 
update the transmitter With channel state information. The UE 
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10 
estimates the channel conditions 231 from the transmitted 
pilot sequence 220 and computes the singular-vectors in step 
232, to determine a set of transmit and receive ?lters, as 
described in the previous embodiment. The UE then deter 
mines an appropriate phase-rotation ?lter and performs 
phase-rotation on the left-handed singular-vector matrix and 
the right-handed singular-vector matrix in step 233 as per the 
methods of the present invention. Then the UE computes the 
modi?ed receive-?lter, Which is the Herrnitian matrix of the 
phase-rotated left-handed singular-vector matrix; and deter 
mines feedback coef?cients in step 234. The feedback coef 
?cients preferably includes ?lter coef?cients Which are asso 
ciated With at least one of a plurality of elements in the 
phase-rotated right-handed singular-vector matrix. The feed 
back coef?cients are fed-back in step 235 to the transmitter 
(BS), Which computes the transmit-?lter in step 236. Collec 
tively, the steps of 231~236 are labeled as ‘setup’ and marked 
by reference numeral 230 in FIG. 2, as they result in the 
determination and transfer of feedback information; and not 
direct transmission of the payload data. 
Upon completion of the setup phase 230, the BS can ini 

tiate high-rate doWnlink data transmission using eigen-mode 
spatial-multiplexing. This is described by the ‘data-ex 
change’ phase 240 Which includes steps of 242~244 as 
explained beloW. In step 242, the transmitteriBS 210 applies 
the transmit-?lter computed in step 236 to its data to be 
transmitted 241. Then, the data is transmitted as the transmit 
ted signal (Tx DL Data) by the transmitter and is received by 
the receiver in step 243. In step 244, the receiveriUE 250 
applies the modi?ed receive-?lter, computed in step 234, to 
the received signal received in step 243, to recover an estimate 
of the transmitted data 245. 

It is anticipated that the UE 250 Would perform the setup 
phase 230 periodically (at least once per coherence-time of 
the channel) in order to update the BS 210 With the most 
current set of transmit-?lter coe?icients. While the setup 
phase 230 encompasses several processesidepicted by ref 
erence numerals 231~236, it Would be apparent to one skilled 
in the art that the UE may perform some of these functions 
more frequently than others. For example, the UE may com 
pute the channel estimate in step 231 more frequently than 
transmitting feedback coef?cients at step 235, feedbackbeing 
performed only When a suf?cient change in channel state is 
determined. As such, While FIG. 2 depicts a necessary set of 
processes required to effect reduced feedback eigen-mode 
spatial-multiplexing as per the methods of the present inven 
tion, it does not limit a speci?c implementation from perform 
ing additional intermediate stepsisuch as ‘determining suf 
?cient change in channel state before performing feedback’; 
or from performing certain processes more frequently than 
others. 
The method described in the previous embodiment results 

in the best improvement (in terms of reduction in feedback) 
for a 2x2 MIMO system. For the more general case of an 
NRXXNTX antenna con?guration, a similar approach may be 
appliedibut With different gains (amounts of reduction in 
feedback). The general approach to determine the minimum 
feedback information required to compute the modi?ed trans 
mit-?lter coef?cients, as taught by the current invention is 
depicted in the ?owchart of FIG. 3 and described in the 
folloWing embodiment. 

Step 310 speci?es the inputs to the algorithmithe dimen 
sions of the channel estimate matrixiequivalent to the 
antenna con?guration of the transmitter and receiver. In step 
320 the antenna con?guration is used to determine the num 
ber of singular-values of the system and the dimensions of the 
matrix of non-trivial right-handed singular-vectors (equiva 
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lent to the ‘economy-sized’ singular value decomposition, as 
described in prior-art). In the process of step 330 a phase 
rotation ?lter is determined that resolves the ?rst element of 
the right-handed singular-vectors in step 320 to a predeter 
mined phase (that is known to both transmitter and receiver). 
Based on the phase-rotation ?lter computed in step 330 and 
the right-handed singular-vector matrix computed in step 
320, a transmit-?lter is computed in the process of step 340. 

In step 350, We determine a ‘set of equations’ in terms of 
the transmit-?lter coef?cients, by exploiting the unitary prop 
erty of the transmit-?lter. Typically, this ‘set of equations’ 
results in an under-determined system. Processes of the steps 
360 and 370 deal With choosing the ‘set of variables’ that, if 
known, render the system determined. Path 371 is traversed if 
the ‘set of variables’ determined in the process of step 360 
results in the minimum amount of feedback information. 
Altemately, traversing path 372 results in an iterative execu 
tion of the process of step 360 until the set of variables that 
determine the system With minimum feedback are found, as 
per the condition in step 370. 

The process of step 380 determines the required feedback 
information betWeen receiver and transmitter; and the ‘set of 
relations’ to be used by the transmitter to re-generate the 
transmit-?lter using the ‘feedback information’, While step 
390 outputs the results of the algorithm. 
As an example of application of the invention to an asym 

metric antenna con?guration (ie one that does not yield a 
square matrix such as the 2x2 form described in a previous 
embodiment), We consider a system comprising of a trans 
mitter (BS) having 4 antennae and a receiver (UE) having 2 
antennae. 

While the number of eigen-modes (and correspondingly 
independent data channels) that exist for this system is limited 
to 2, the presence of four transmit antennae facilitates the BS 
to use a mode of transmission that exploits additional diver 
sity present in the channel to achieve a better performance 
than any system that advocates the use of only tWo (of the four 
available) transmit antennae. It should be noted that the 
present invention describes methods for reducing feedback 
information. As such, methods to determine the viability of 
using 4-transmit antennas or 2-transmit antennas, are beyond 
the scope of the present invention. 

The matrices of right-handed and left-handed non-trivial 
singular vectors have dimension 4x2 and 2x2 and are 
depicted by equations (25) and (26), respectively. Note their 
equivalence to equations (9) and (10) for the previously 
mentioned 2><2 system. 

Choosing a phase rotation ?lter that resolves the ?rst ele 
ment of each right-singular vector in [V] to the positive real 
axis of the complex number plane, as suggested by step 330, 
We obtain a phase rotation ?lter that has the same form as that 
in equation (11), With coef?cients set according to equations 
(14) and (15) in the embodiment describing the 2x2 scenario. 
The transmit ?lter for the 2x4 system is determined to be 

speci?ed by equation (27), as described in step 340. 
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Elucidating the ‘set of equations’, as per step 350, We 
obtain equations (28)~(31): 

(31) 

Representing the transmit-?lter in Cartesian coordinate 
form in equation (32), ‘the set of equations’ expressed by 
equations (28)~(31) can be expressed as in equations (33)~ 
(36): 

6111 +J'b11 m2 +J'b12 (32) 

6121 + 1-521 

6131 + 1-531 

6141 + 1-541 

6122 + 1-522 

6132 + 1-532 

6142 + 1-542 

Where, as a result of the phase-rotation ?lter, bl l:b12:0. 

Using the process of determining a set of ‘feedback infor 
mation’ and corresponding ‘set of relations’, as detailed by 
steps 360~380, it can be seen that the ‘feedback information’ 
as detailed by equation (37), When used in conjunction With a 
‘set of relations’ derived from equations (33)~(36), are su?i 
cient to determine the transmit-?lter matrix in equation (3 2). 
As has been highlighted before, this is just one of several 
possible combinations of ‘feedback information’ that results 
in reduced feedback, in accordance With the methods of the 
invention. 

Based on the MIMO example With 4-transmit and 2-re 
ceive antennas in this embodiment, the use of the phase rota 
tion ?lter and the methods of the present invention result in an 
amount of feedback information, as speci?ed in equation 
(38)ia 31.25% reduction over the present-art, as speci?ed 
by substituting NTX:4 and NRXI2, in (7). 

(37) 

(3 8) 

It Would be apparent to one skilled in the art of non-linear 
programming, that a further reduction in the feedback infor 
mationifor example, corresponding to the ‘feedback infor 
mation’ speci?ed by equation (39), can render a ‘set of rela 
tions’ that recover the transmit-?lter. 

5142,1142} (3 9) 
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However, due to the non-linear nature of the ‘set of equa 
tions’ in equations (33)~(36), the ‘ set of relations’ determined 
above yields tWo solutions for the transmit-?lter matrix-one 
of them being invalid. While the convention of the phase 
rotation ?lter imposes a constraint on the transmit-?lter (in 
the example of the present embodiment, this constraint forces 
the coef?cients al 1 and al2 to be positive and real), this con 
straint is found to be insu?icient for selecting the valid solu 
tion for the transmit-?lter matrix. 
A further method of the present embodiment recognizes 

that the receiver may perform additional computation based 
on the knowledge of ‘feedback information’ and ‘set of rela 
tions’, as speci?ed by step 380; to determine the set of solu 
tions for the transmit-?lterias is performed by the transmit 
ter in the present invention. By computing the true transmit 
?lter independently from the right-handed singular-vector 
matrix and the phase-rotation ?lter, a selection-signal is deter 
mined by the receiver. The selection-signal in this example 
constitutes l-bit. The feedback of the selection-signal in con 
junction With the information of equation (39), results in 
suf?cient information for the transmitter to determine the 
valid transmit-?lter. 

This further method results in feedback corresponding to 
equation (40)irealiZing a feedback reduction of about 
37.5% over that of the present-art, as identi?ed by equation 
(7) 

Feedbackilnfo:l0><m+l bits (40) 

It is to be appreciated that the additional one-bit depicted in 
equation (40) may either be explicitly included in the feed 
back information of equation (39), or be embedded/ encoded 
into a characteristic of the transmission from the receiver to 
the transmitter. 

The method of feeding back a selection signal to the trans 
mitter, as highlighted by the present embodiment, results in a 
modi?cation to the message sequence chart of FIG. Ziillus 
trated in FIG. 4, Where, in addition to the steps of FIG. 2, step 
2341 is performed by the receiver (U E) to compute the selec 
tion signal. The selection-signal is fed-back in step 2351* 
Which depending on implementation, may or may not be part 
of the feedback information signal. 
At the transmitter, step 236 results in more than one solu 

tion for the transmit-?lter matrix, requiring step 2361 to select 
the valid transmit-?lter, based on the selection-signal, alloW 
ing successful communication in the ensuing data-exchange 
phase 240. 

FIG. 5 depicts a multiple antenna transceiver apparatus that 
may be a typical abstraction of any individual stationi110, 
120, 130, or 140, in the MIMO Wireless communication 
netWork 1 00; and embodies the methods of the present inven 
tion. Reference numeral 410 marks the layer-2 processor, 
Which is responsible for data link control, While reference 
numeral 420 marks the layer-1 processor Which is the physi 
cal layer modemias per the ISO OSI 7-layer reference 
model. Reference numeral 415 depicts the interface betWeen 
the layer-1 and layer-2 processors, While reference numeral 
405 marks the interface to the upper-layer. Reference numeral 
425 marks the antenna array, Which serves as the interface 
betWeen the station 400 and the Wireless channel. It is further 
anticipated that the present invention Would require addi 
tional modules to be implemented requiring functionality of 
both layer-1 and layer-2 processors. These additional mod 
ules are depicted by reference numerals 411 and 421 respec 
tively. 

In the context of the FDD communications system com 
prising of a BS communicating With a singularity or plurality 
of UE stations and using the eigen-mode spatial-multiplexing 
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mode of transmission in the doWnlink, the methods taught by 
the embodiments associated With FIG. 3 are performed prior 
to the act of communication. Further, the format of the feed 
back information is knoWn to both the BS and UE; While the 
set of relations required to derive the transmit-?lter matrix is 
knoWn to the BS in advance. 
Assuming that FIG. 5 is an abstraction of a UE receiving an 

eigen-mode spatially multiplexed signal (e.g. terminals 120, 
130 or 140), the module 411 has the capability of performing: 
determining the singular vectors (eg by a singular-value 
decomposition) of the channel estimate, determining an 
appropriate phase-rotation ?lter, computing the modi?ed 
receive-?lter and feedback coe?icients, as depicted by steps 
231, 232, 233 and 234 of FIG. 2, respectively. As per the 
method of the embodiments corresponding to FIG. 4, module 
411 further has the capability of determining a selection 
signal, as depicted in step 2341. Additionally module 411 is 
capable of performing a receive ?lter operation in step 244 
using the previously computed receive-?lter of step 234. 
Within the context of the UE, it is anticipated that the module 
421 Will implement the required protocol for signaling the 
feedback coef?cients computed by module 411 and commu 
nicated to it via the interface 415; to the BS, as depicted in step 
235. In accordance With the methods of the embodiments 
corresponding to FIG. 4, module 421 Will further implement 
the required protocol for signaling the selection-signal deter 
mined by module 411 and communicated to it via the inter 
face 415; to the BS, as depicted in step 2351. 
Assuming that FIG. 5 is an abstraction of the BS transmit 

ting an eigen-mode spatially multiplexed signal (e.g. central 
station 110), the module 421 is assumed to have the capability 
of interpreting the signaling information received as a result 
of the communication of step 235 and conveying this to the 
module 411 of the layer-2 processor 410. The layer-2 proces 
sor 410, in turn is capable of computing the transmit-?lter as 
depicted by the step 236 and applying it at step 242 to subse 
quent doWnlink data communications during the data 
exchange phase 240. Further to the above, in accordance With 
the methods of embodiments corresponding to FIG. 4, the 
module 421 is capable of interpreting the selection-signal of 
step 2351 and conveying it to module 411 of the layer-2 
processor 410. The layer-2 processor 410 is in turn capable of 
selecting the valid transmit-?lter at step 2361 from the set of 
solutions for the transmit-?lter computed by it in step 236. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts a con?guration comprising: a 
derivation section that derives a phase-rotated right-handed 
singular vector matrix from an estimation result of a MIMO 
channel; and a feedback section that feeds back, to a Wireless 
transmission apparatus, a coe?icient associated With an ele 
ment of the phase-rotated right-handed singular vector matrix 
derived by said derivation section. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein said derivation section 
comprises: a calculation section that calculates a right 
handed singular vector matrix from the estimation result; and 
a phase rotation section that performs phase rotation on the 
right-handed singular vector matrix calculated by said calcu 
lation section to generate the phase-rotated right-handed sin 
gular vector matrix. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein said phase rotation sec 
tion determines a unitary matrix containing a diagonal 
element having a value corresponding to a point on a unit 
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circle in a complex number plane, and performs phase rota 
tion using the determined unitary matrix. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein the right-handed singular 
vector matrix has a plurality of right-handed singular vectors, 
and said phase rotation section eliminates a phase component 
of an element in each of said plurality of right handed singular 
vectors. 

A Wireless reception apparatus according to the above 
mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein the right-handed singular 
vector matrix has a plurality of right-handed singular vectors, 
each of Which is assigned a corresponding reference vector in 
a complex number plane, and said phase rotation section 
rotates a phase component of an element in each of the plu 
rality of right handed singular vectors to a direction of the 
corresponding reference vector. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein: said phase rotation sec 
tion rotates a phase component of one of a plurality of 
elements in each of the plurality of right-handed singular 
vectors to the direction of the corresponding reference vector, 
the plurality of elements being included in a single roW of the 
right-handed singular vector matrix. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein the right-handed singular 
vector matrix has a plurality of right-handed singular vectors, 
and said phase rotation section arranges an element in each of 
the plurality of right-handed singular vectors on a positive 
real axis of a coordinate system in a complex number plane. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein: said phase rotation sec 
tion arranges one of the plurality of elements in each of the 
plurality of right-handed singular vectors on the positive real 
axis, the elements being included in a single roW of the right 
handed singular vector matrix. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration Wherein said calculation section 
further calculates a left-handed singular vector matrix from 
the estimation result, said phase rotation section performs 
phase rotation on the left-handed singular vector matrix cal 
culated by said calculation section, and the apparatus further 
comprising: an application section that applies a conjugate 
transposed matrix of the left-handed singular vector matrix 
subjected to phase rotation by said phase rotation section to a 
received signal; to obtain an estimate of data transmitted from 
said Wireless transmission apparatus. 
A Wireless reception apparatus according to the above 

mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration further comprising: a selection 
signal generation section that generates a selection signal 
based on Which said transmission apparatus is alloWed to 
obtain a valid solution of a plurality of solutions for a trans 
mission ?lter to be applied to data to be transmitted to said 
Wireless transmission apparatus, and said feedback section 
feeds back the selection signal generated by said selection 
signal generation section to said Wireless transmission appa 
ratus. 

A Wireless transmission apparatus according to the above 
mentioned embodiment adopts, in the above-mentioned con 
?guration, a con?guration comprising: an acquisition section 
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that acquires a coef?cient Which is fed back from a Wireless 
reception apparatus; a generation section that generates a 
transmission ?lter by substituting the coef?cient acquired by 
said acquisition section in a predetermined relation; and an 
application section that applies the transmission ?lter gener 
ated by said generation section to data to be transmitted to 
said Wireless reception apparatus via a MIMO channel. 
A Wireless communication system according to the above 

mentioned embodiment adopts a con?guration comprising a 
Wireless reception apparatus according to the present 
embodiment and a Wireless transmission apparatus according 
to the present embodiment. 
A Wireless reception method according to the above-men 

tioned embodiment adopts a con?guration comprising: a 
derivation step of deriving a phase-rotated right-handed sin 
gular vector matrix from an estimation result of a MIMO 
channel; and a feedback step of feeding back a coef?cient 
associated With an element of the phase-rotated right-handed 
singular vector matrix derived in said derivation step. 
A Wireless transmission method according to the above 

mentioned embodiment adopts a con?guration comprising: 
an acquisition step of acquiring a fed-back coef?cient; a gen 
eration step of generating a transmission ?lter by substituting 
the fed-back coef?cient acquired in said acquisition step in a 
predetermined relation; and an application step of applying 
the transmission ?lter generated in said generation step to 
data to be transmitted via a MIMO channel. 
A Wireless communication method according to the above 

mentioned embodiment adopts a con?guration comprising a 
Wireless reception method according to the present embodi 
ment and a Wireless transmission method according to the 
present embodiment 
Industrial Applicability 
A Wireless reception apparatus, a Wireless transmission 

apparatus, a Wireless communication system, a Wireless 
reception method, a Wireless transmission method, and a 
Wireless communication method of the present invention are 
applicable in Wireless communications via a MIMO channel. 

The invention claimed is: 
1. A Wireless reception apparatus comprising: 
a calculation section that calculates a right-handed singular 

vector matrix from an estimation result of a multiple 
input multiple output (MIMO) channel; 

a phase rotation section that performs phase rotation on the 
right-handed singular vector matrix calculated by the 
calculation section to generate a phase-rotated right 
handed singular vector matrix, the phase rotation being 
performed by using a unitary matrix containing a diago 
nal element having a value corresponding to a point on a 
unit circle in a complex number plane; and 

a feedback section that feeds back, to a Wireless transmis 
sion apparatus, information about a coef?cient in the 
complex number plane, the coef?cient being associated 
With an element of the phase-rotated right-handed sin 
gular vector matrix generated by the phase rotation sec 
tion. 

2. The Wireless reception apparatus according to claim 1, 
Wherein the right-handed singular vector matrix has a plural 
ity of right-handed singular vectors, and the phase rotation 
section eliminates a phase component of an element in each of 
the plurality of right handed singular vectors. 

3. The Wireless reception apparatus according to claim 1, 
Wherein: 

the calculation section further calculates a left-handed sin 
gular vector matrix from the estimation result; and 
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the phase rotation section performs phase rotation on the 
left-handed singular vector matrix calculated by the cal 
culation section, and the Wireless reception apparatus 
further comprising: 

an application section that applies, to a received signal, a 
conjugate transposed matrix of the left-handed singular 
vector matrix subjected to the phase rotation by the 
phase rotation section, to obtain an estimate of data 
transmitted from the Wireless transmission apparatus. 

4. A Wireless reception apparatus comprising: 
a calculation section that calculates a right-handed singular 

vector matrix from an estimation result of a multiple 
input multiple output (MIMO) channel, the right 
handed singular vector matrix having a plurality of right 
handed singular vectors, each of Which is assigned a 
corresponding reference vector in a complex number 
plane; 

a phase rotation section that performs phase rotation on the 
right-handed singular vector matrix calculated by the 
calculation section to generate a phase-rotated right 
handed singular vector matrix, the phase rotation being 
performed by rotating a phase component of an element 
in each of the plurality of right handed singular vectors 
to a direction of the corresponding reference vector; and 

a feedback section that feeds back, to a Wireless transmis 
sion apparatus, information about a coe?icient in the 
complex number plane, the coe?icient being associated 
With an element of the phase-rotated right-handed sin 
gular vector matrix generated by the phase rotation sec 
tion. 

5. The Wireless reception apparatus according to claim 4, 
Wherein: 

the phase rotation section rotates the phase component of 
one of a plurality of elements in each of the plurality of 
right-handed singular vectors to the direction of the cor 
responding reference vector, the plurality of elements 
being included in a single roW of the right-handed sin 
gular vector matrix. 

6. The Wireless reception apparatus according to claim 4, 
Wherein the right-handed singular vector matrix has a plural 
ity of right-handed singular vectors, and the phase rotation 
section eliminates a phase component of an element in each of 
the plurality of right handed singular vectors. 

7. The Wireless reception apparatus according to claim 4, 
Wherein: 

the calculation section further calculates a left-handed sin 
gular vector matrix from the estimation result; and 

the phase rotation section performs phase rotation on the 
left-banded singular vector matrix calculated by the cal 
culation section, and the Wireless reception apparatus 
further comprising: 

an application section that applies, to a received signal, a 
conjugate transposed matrix of the left-handed singular 
vector matrix subjected to the phase rotation by the 
phase rotation section, to obtain an estimate of data 
transmitted from the Wireless transmission apparatus. 

8. A Wireless reception apparatus comprising: 
a calculation section that calculates a right-handed singular 

vector matrix from an estimation result of a multiple 
input multiple output (MIMO) channel, the right 
handed singular vector matrix having a plurality of right 
handed singular vectors; 

a phase rotation section that performs phase rotation on the 
right-handed singular vector matrix calculated by the 
calculation section to generate a phase-rotated right 
handed singular vector matrix, the phase rotation being 
performed by arranging an element in each of the plu 
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18 
rality of right-handed singular vectors on a positive real 
axis of a coordinate system in a complex number plane; 
and 

a feedback section that feeds back, to a Wireless transmis 
sion apparatus, information about a coe?icient in the 
complex number plane, the coef?cient being associated 
With an element of the phase-rotated right-handed sin 
gular vector matrix generated by the phase rotation sec 
tion. 

9. The Wireless reception apparatus according to claim 8, 
Wherein: 

the phase rotation section arranges one of a plurality of 
elements in each of the plurality of ri ght-handed singular 
vectors on the positive real axis, the elements being 
included in a single roW of the right-handed singular 
vector matrix. 

10. The Wireless reception apparatus according to claim 8, 
Wherein the right-handed singular vector matrix has a plural 
ity of right-handed singular vectors, and the phase rotation 
section eliminates a phase component of an element in each of 
the plurality of right handed singular vectors. 

11. The Wireless reception apparatus according to claim 8, 
Wherein: 

the calculation section further calculates a left-handed sin 
gular vector matrix from the estimation result; and 

the phase rotation section performs phase rotation on the 
left-handed singular vector matrix calculated by the cal 
culation section, and the Wireless reception apparatus 
further comprising: 

an application section that applies, to a received signal, a 
conjugate transposed matrix of the left-handed singular 
vector matrix subjected to the phase rotation by the 
phase rotation section, to obtain an estimate of data 
transmitted from the Wireless transmission apparatus. 

12. A Wireless communication system comprising a Wire 
less reception apparatus and a Wireless transmission appara 
tus, Wherein: 

the Wireless reception apparatus comprises: 
a calculation section that calculates a right-handed singular 

vector matrix from an estimation result of a multiple 

input multiple output (MIMO) channel; 
a phase rotation section that performs phase rotation on the 

right-handed singular vector matrix calculated by the 
calculation section to generate a phase-rotated right 
handed singular vector matrix, the phase rotation being 
performed by using a unitary matrix containing a diago 
nal element having a value corresponding to a point on a 
unit circle in a complex number plane; and 

a feedback section that feeds back, to said Wireless trans 
mission apparatus, information about a coef?cient in the 
complex number plane, the coef?cient being associated 
With an element of the phase-rotated right-handed sin 
gular vector matrix generated by the phase rotation sec 
tion, and 

the Wireless transmission apparatus comprises: 
an acquisition section that acquires the information Which 

is fed back from the Wireless reception apparatus; 
a generation section that generates a transmission ?lter 

using the information acquired by the acquisition sec 
tion; and 

an application section that applies the transmission ?lter 
generated by the generation section to data, to be trans 
mitted to the Wireless reception apparatus via the MIMO 
channel. 
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13. A Wireless reception method comprising: 
calculating a right-handed singular Vector matrix from an 

estimation result of a multiple input multiple output 
(MIMO) channel; 

performing phase rotation on the calculated right-handed 
singular Vector matrix to generate a phase-rotated right 
handed singular Vector matrix, the phase rotation being 
performed by using a unitary matrix containing a diago 
nal element having a Value corresponding to a point on a 
unit circle in a complex number plane; and 

feeding back information about a coe?icient in the com 
plex number plane, the coe?icient being associated With 
an element of the phase-rotated right-handed singular 
Vector matrix generated by the phase rotation. 

14. A Wireless communication method comprising: 
calculating a right-handed singular Vector matrix from an 

estimation result of a multiple input multiple output 
(MIMO) channel; 
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20 
performing phase rotation on the calculated right-handed 

singular Vector matrix to generate a phase-rotated right 
handed singular Vector matrix, the phase rotation being 
performed by using a unitary matrix containing a diago 
nal element having a Value corresponding to a point on a 
unit circle in a complex number plane; 

feeding back information about a coe?icient in the com 
plex number plane, the coe?icient being associated With 
an element of the phase-rotated right-handed singular 
Vector matrix generated by the phase rotation; 

generating a transmission ?lter using the fed back infor 
mation; and 

applying the generated transmission ?lter to data to be 
transmitted Via the MIMO channel. 


